Pontocerebellar hypoplasia consists of a rare heterogeneous group of congenital neurodevelopmental disorders characterized by hypoplasia and atrophy of the cerebellar cortex, dentate and pontine nuclei, and inferior olives. The very low density lipoprotein receptor protein is an integral part of the reelin signaling pathway, which guides neuroblast migration in the cerebral cortex and cerebellum. Mutations in this receptor cause nonprogressive cerebellar ataxia, mental retardation, and cerebellar hypoplasia. In this report, we present 3 patients from 2 different families displaying very low density lipoprotein receptor-associated pontocerebellar hypoplasia, cortical dysplasia, mental retardation, and bipedal gait. One of the siblings has also displayed dysmorphic features, as we previously reported before the identification of the genetic defect in this family.
Very low density lipoprotein receptor (VLDLR)-associated pontocerebellar hypoplasia (a subgroup of dysequilibrium syndrome) is a rare, autosomal recessive, nonprogressive cerebellar disorder characterized by nonprogressive cerebellar ataxia, delayed ambulation, and moderate to profound mental retardation. [1] [2] [3] [4] [5] [6] The cause of the disease is mutations in the VLDLR gene that encodes very low density lipoprotein receptor on chromosome 9p24, and it was first described in the Hutterite population by Boycott et al in 2005. 1 Until now, several mutations were described in Iranian, 3 Turkish, 2,6,7 and white people. 5 The gene consists of 19 exons and encodes an 873-amino acid receptor protein that belongs to the low-density lipoprotein receptor superfamily. 8 In humans, 2 isoforms of the receptor have been described. 9 Type I is mainly expressed in heart and skeletal muscles and takes place in active fatty acid metabolism and type II is predominant in nonmuscular tissue such as the kidney, spleen, adrenal gland, lung, uterus, testis, ovary, and brain. 9, 10 We present 3 patients from 2 different families displaying very low density lipoprotein receptor-associated pontocerebellar hypoplasia, cortical dysplasia, mental retardation, and bipedal gait. One of the siblings displayed dysmorphic features, as we previously reported 11 before the identification of the genetic defect in this family. cm, -4 SD), bilateral strabismus and nystagmus, truncal ataxia, spasticity and hyperreflexia of the lower limbs, and poor cognitive development. She could walk without support and had a monotone voice with unintelligible speech. We reported this case, along with her sibling, as ''pontocerebellar hypoplasia in 2 siblings with dysmorphic features.'' 11 She is now 26 years old, has similar neurologic findings, bipedal ataxic gait, and can only speak in single words. Case 2. The sibling of the first patient was born as the fifth child of the same family following an uneventful gestation and delivery. He was first seen at 3 months of age with complaints similar to those of the first child. He had microcephaly (36 cm, -4 SD) and lack of head control and social smile. At the age of 30 months, he could sit but was unable to walk without support.
He also had bilateral strabismus, nystagmus, truncal ataxia, and hyperreflexia of the lower limbs. He had a monotone voice without speech. He is now 11 years old and can walk without support for short distances and speak in single words. Metabolic investigation of the patient, including blood and cerebrospinal fluid lactic and pyruvic acid, blood ammonia, serum and urinary amino acids, urine organic acids, lysosomal and peroxisomal screening tests, and transferrin pattern and karyotypes of the patients were normal. Electroencephalogram, brainstem auditory evoked responses, electromyogram, and nerve conductance studies showed no abnormalities.
Brain magnetic resonance imaging (MRI) of all patients was performed on a 1.5-T unit with the use of a head coil. The conventional MRI protocol included T2-weighted turbo spin-echo sequence (TR/TE, 8820/126; voxel size, 0.9 Â 0.7 Â 5.0 mm) in the axial and sagittal plane and fluid-attenuated inversion recovery sequence (TR/TE/TI, 8650/126/2500; voxel size, 1.0 Â 0.9 Â 5.0 mm) in the axial plane. Brain MR images of the children showed bilateral diffuse cerebral cortical thickening and decreased gyration in accordance with pachygyria and cerebellar and pontine hypoplasia ( Figure 2A and B and Figure  3A and B).
Molecular genetic investigations, including linkage analysis using 5 K genome-wide SNP genotyping followed by linkage analysis, pointed to several potential linkage peaks. Whole exome sequencing analysis showed coverage of 94.7% of the targeted bases at >10X, from which 21,693 variants were identified. Bioinformatics analysis under the assumption of a rare homozygous deleterious allele occurring within one of the homozygous intervals identified 1 deletion and 6 nonsynonymous variants.
Further prioritization of the variants pointed to a homozygous 5-bp deletion within the open reading frame of the VLDLR gene on human chromosome 9. This c.1247_53delGTTACAA results in a p.G1246fsX1305 frame shift, followed by a premature stop codon in the protein.
Case 3. A 4-year-old male patient was born to first-degree parents. He was first seen at 10 months of age for mental and motor retardation. He had microcephaly and head control. He was able to sit without support at 17 months of age. At the present time, he is 4 years old and still has microcephaly (48 cm, -4 SD), strabismus, nystagmus, spasticity on the right arm, and intentional tremor. He can say some words unintentionally and walk with support. All of the laboratory investigations including lactic and pyruvic acid levels in blood, urine and blood amino acids, tandem mass spectrometry, urine organic acids, lysosomal and peroxisomal screenings, and transferrin focusing were normal. Cranial MRI showed bilateral diffuse cerebral cortical thickening and decreased gyration in accordance with pachygyria and cerebellar and pontine hypoplasia ( Figure  4A and B) .
Based on the imaging findings typical for the disease, genomic DNA was isolated and tested directly for a mutation in this gene. Molecular genetic investigation revealed a homozygous mutation in VLDLR exon 6 resulting in a c.C835T p.R279X homozygous stop codon.
Discussion
The VLDLR protein plays an important role in fatty acid metabolism; it is also an integral part of the reelin signaling pathway. 12 Human reelin is a glycoprotein and is expressed in the fetal and postnatal brain as well as in the liver. Reelin regulates neuronal positioning in the cortical brain structures and the migration of neurons along the radial glial fiber network for proper positioning of neurons within the laminated nervous system parenchyma by binding to the lipoprotein receptors VLDLR and ApoER2 and the adapter protein disabled-1. 13, 14 These receptors are transmembrane coreceptors for reelin. 15 The first human VLDLR mutation was observed in the Hutterite population. 1 These patients had nonprogressive cerebellar ataxia, mental retardation, and cerebellar hypoplasia and a 199-kb homozygous deletion encompassing the entire gene. 1 Since then, several different mutations affecting exons 5, 17, 2 10, 3 11, 12, 5 and 1 to 5 7 were reported. We similarly encountered likely null mutations, suggesting a loss of function of the VLDLR as the disease mechanism.
Dysequilibrium syndrome secondary to mutations in VLDLR is the first human lipoprotein receptor malformation syndrome. The major diagnostic features of the disease are a nonprogressive congenital ataxia that is predominantly truncal and which results in delayed ambulation, moderate to profound mental retardation, and dysarthria. The characteristic MRI features include hypoplasia of the inferior portion of the cerebellar vermis and hemispheres, simplified gyration of the cerebral hemispheres with minimally thickened but uniform cortex, and a lack of clear anteroposterior gradients and small brain stem, particularly the pons. Strabismus, seizures, pes planus, and short stature are supportive features. 4 We described different dysmorphic features from the literature in 1 of our patients including a high arched palate, triangular-shaped face, thoracolumbar scoliosis, pectus carinatus, kyphosis, cubitus valgus, arachnodactyly, and long extremities that were not previously reported in this disease.
All of our patients have a bipedal gait similar to the patient reported by Kolb et al 7 and different from the other Turkish patients reported by Tan, 16 Ozcelik et al, 2 and Turkmen et al. 6 When we asked the parents about their children's quadripedal gait, they said if they did not provide any effort to support the children's walking with physical therapy and orthopedics, their children would display a quadripedal gait, which they observed on occasion when the children were left unsupervised. Therefore, we concluded that the quadripedal gait is likely to be a physical adaptation: if these children did not receive adequate medical attention and support, they would probably display a quadripedal gait to compensate for their ataxia.
We suggest that the clinical and MRI findings of VLDLR mutations may show different features and in the future, the studies including large series can explain the cause of these differences.
